Scaffolds and shoring systems are generally referred to as the falsework in bridge construction, serving as temporary structures to support bridge span construction. The falsework cost usually accounts for 50-70% of the total project concrete budget. Falsework installation and advancing methods can greatly impact the completion time and actual cost. Thus, simulation can be instrumental in planning bridge construction operations and analyzing various options by evaluating postulated "what-if" scenarios. This study uses a previously constructed bridge in Sweden as a case study to test three feasible construction sequence alternatives. One of these alternatives was implemented on the actual construction of this bridge. Modeling was performed in Simphony, which captures the unique construction sequence requirements and constraints, resulting in project durations for each alternative. Results from simulation experiments were corroborated by the construction engineer who had worked on the bridge project in terms of the advantages that each alternative method possesses.
INTRODUCTION
Bridge construction is a linearly repetitive process which involves the erection of a series of abutments, piers and spans. Such processes provide a great opportunity for performing comprehensive analysis using techniques such as simulation for purposes of productivity improvement (AbouRizk 2010) . Examples of past studies that have applied simulation within the bridge construction domain include work done by Ailland et al. (2010) , AbouRizk and Dozzi (1993) , Huang et al. (1994) , Chan and Lu (2005) and Marzouk et al. (2008) . In their work, AbouRizk and Dozzi (1993) used CYCLONE to facilitate dispute resolution in bridge jacking operations. Huang et al. (1994) simulated the construction operations of a cable-stayed bridge in Washington by using DISCO. Chan and Lu (2005) used SDESA to simulate field processes for a pre-cast bridge, resulting in optimal solutions to the pre-cast segment inventory problem. Others like Marzouk et al. (2008) utilized STROBOSCOPE to develop a special-purpose simulation model in order to assist in the planning of constructing the bridge decks.
Mobile falsework technology in bridge construction was developed in the 1950s and first adapted in Germany. In contrast with the traditional scaffold construction method to support the entire bridge for concrete casting, the mobile falsework method casts the bridge deck sequentially and thus shortens the total project duration (Pauser 2002) . One-time capital investment in the mobile falsework can make up 50-70% of the total project costs for concrete. Thus, the quantity and the launching strategy of mobile falsework is the primary concern in project planning and execution. Time-cost trade-off analysis by using conventional quantitative methods (such as linear programming) may not be sufficient to factor in all the Figure 5 ). This implies that two sets of mobile falsework are needed. Alternative three shows the construction starts at the middle span, and then advances concurrently to the two abutment ends ( Figure 6 ). 
Abstraction of Specific Bridge Construction Processes
The Umeälv Bridge is a pre-stressed concrete continuous girder bridge, which consists of abutments, piers and superstructures. Detailed construction processes of abutments, piers and superstructures are represented in the simulation models. Note that the processes for each segment are identical among the three alternatives. Thus, in order to streamline the model and facilitate model reusability, those processes are encapsulated in a "composite" element which is only a "container" housing different elements and has no specific simulation behavior. In addition, the operation processes of installing and advancing mobile falsework are simulated in detail. Despite the fact that each alternative differs in the advancing strategy of mobile falsework, the specific operating processes of mobile falsework remain identical. The following sections describe the construction sequences for abutments, piers, superstructures and mobile falsework.
Pier
A pier consists of the pier foundation, shaft and head. It provides main support for the bridge deck and transfers the loads from the spans to the ground. The following construction processes summarize the essential steps to construct one pier: (1) Excavate for pier foundations; (2) Erect reinforcements for pier foundations; (3) Erect formworks for pier foundations; (4) Cast concrete for pier foundations; (5) Cure concrete; (6) Retract formworks on pier foundations; (7) Erect reinforcement for pier shafts; (8) Erect formworks for pier shafts; (9) Cast concrete for pier shafts; (10) Cure concrete; (11) Remove formworks for pier shafts; (12) Erect reinforcements for pier heads; (13) Erect formworks for pier heads; (14) Cast concrete for pier heads; (15) Cure concrete; and (16) Remove formworks for pier heads.
Abutment
Abutments are located at the two ends of the bridge, which transfer the loads from the superstructure to the foundation. Similar to pier construction, an abutment is constructed in eleven steps: (1) Excavate for abutment foundation; (2) Erect reinforcements for abutment foundation; (3) Erect formworks for abutment foundations; (4) Cast concrete for abutment foundations; (5) Cure concrete; (6) Retract formworks on abutment foundations; (7) Erect reinforcement for abutment shafts; (8) Erect formworks for abutment shafts; (9) Cast concrete for abutment shafts; (10) Cure concrete; and (11) Remove formworks for abutment shafts.
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Superstructure
The functions of a span are basically to support the live and dead loads imposed on the bridge. The dead loads include the drainage pavement, the electrical wire and the railway, while the live loads are mainly associated with the trains. The following seventeen steps take place in series to construct one span: (1) Prepare formworks for girders; (2) Install reinforcements for girder; (3) Install tendons; (4) Close formworks; (5) Cast girders; (6) Cure girders; (7) Strip formworks for girders; (8) Erect formworks for decks; (9) Install reinforcements for deck; (10) Erect formworks for barriers; (11) Cast decks; (12) Cure deck; (13) Stress tendons; (14) Strip formworks for barriers; (15) Strip formworks for decks; (16) Grout tendons and remove formworks; and (17) Move to the next span. It is noteworthy that the last three steps can be conducted concurrently, thereby accelerating the construction.
Mobile Falsework
The mobile falsework is known as the most critical driving resource for span construction. It consists of three sets of supporting systems and one working platform. The following six steps are modeled in simulation: (1) The abutments or piers are completed; (2) Assemble supporting systems on piers or abutments with identification number (ID) #N and #N+1, respectively; (3) Erect working platform (only when N = 1); (4) Construct the superstructure with ID #N and assemble supporting system on the pier with ID #N+2 in the next span; (5) Launch working platform to construct the superstructure with ID #N+1; and (6) Disassemble supporting system on pier or abutment with ID #N. It should be noted that the supporting system should be installed on the abutments or piers, following the sequence described in each alternative. For instance, in alternative one, the supporting system should be assembled on the piers in the ascending order of pier ID number (following the arrow in Figure 7 ). However, multiple piers or abutment can be constructed concurrently if sufficient resources are available. Meanwhile, the work content for each abutment or pier is different, and the abutment or pier with larger work content requires longer duration. As a result, there is a possibility of the pier with a larger ID being completed when the pier with a smaller ID is still under construction. For instance, the construction of piers with ID "5", "6" and "7" shown in Figure 7 may be started at the same time, but piers with ID "6" and "7" would be finished before the pier "5" is completed, as the pier "5" has a larger work content. However, piers with ID "6" and "7" should not be assembled with supporting systems without the pier with ID "5" having been installed, even if they are completed earlier than the pier "5." The reason for this is that the superstructure should only be sequentially constructed from one end to the other due to the structural constraints. Thus, the supporting system should also be installed sequentially. This presents a challenge for simulation modeling: how to control the proceeding sequence of entities which represent piers. To overcome the challenge, a user-written code was embedded within the models to appropriately manipulate the entities. Figure 8 shows the flow chart for controlling the proceeding sequence of entities. In the user-written code, a global variable is defined to keep the sequence number, while another local variable is assigned to entities as an attribute where the identification number is stored. By comparing the two values stored in the variable, the entity could only pass the loop shown as red lines in Figure 8 to be assembled with the supporting system when the identification number is equal to the sequence number. Otherwise, the entity which represents a pier with a larger identification number loops back without advancement.
Data for Umeälv Bridge
The actual quantities of the bridge are listed in Table 2 and 3. Table 1 lists the activities' durations and their resource requirements. Also, the priorities in acquiring the resources, which could greatly affect the construction sequence, are defined in Table 1 . The data, except distributions of activities' durations, was retrieved directly from video and site daily records, whereas duration distributions were fitted based on each activity duration, using @Risk 5.7.1 Industrial for Excel. Then, they are used for input data for the simulation. 
Simulation Model Development
Simulation models are established in the general purpose template of Simphony, a discrete-event modelling environment. In the general purpose template, each activity in construction is represented by a "Task" element which delays the flow of the entities for the duration of the activity. Another important element is the "Capture" element usually connected at its output point to a "Task" element and having simulation behaviour of occupying or consuming the resource. Entities held by a "Capture" element will not proceed to the "Task" element until they obtain their required resource.
Alternative One
The construction sequence is such that work commences at one abutment and advances to the other abutment utilizing one mobile falsework. The construction sequence in alternative one is identical to that implemented in the case study and hence is conducive to model validation. Figure 9 shows us the construction processes of alternative one. The arrows, except the ones between piers or abutments, imply that there is a relationship of 'Finish -to -Start' between two activities, whereas the arrows between piers or abutments only indicate the activities at the tail must start before the ones at the head can commence. In the simulation model (as shown in Figure 10 ), the piers, abutments and superstructures are simulated as entities which flow through the model, and construction operations of those segments can be represented by their processes, which are grouped into composites -"Construction of Piers" "Construction of Abutments" and "Construction of Superstructures," respectively. After the entities representing piers or abutments come out from the composites -"Construction of Piers" and "Construction of Abutments," they will be assembled with supporting systems in "Install Abutment Supporting System" and "Install Pier Supporting System," respectively. Then, one abutment and one pier or two piers are batched to trigger their superstructure construction, implying one superstructure entity is released to flow through the composite -"Construction of Superstructures." The interactions among them are simulated by the elements named "Valve" and "Activator." In Simphony, "Valve" element can be used to regulate the flow of entities along the route in a model where it is used by holding them back when in a closed state and letting them flow through when in an open state, and "Activator" element, normally used together with valve elements, is employed to change the state of the valve whenever an entity flows through it. For instance, once the pier with ID "2" and the abutment with ID "1" are completed and assembled with supporting systems, t struction" with ID " the next s tem" in or operations constructe Star Activ from
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RESULTS AND DISCUSSION
100 simulation runs were conducted for each simulation alternative tested. The simulation models were firstly verified by tracking the chronological list. Then, the cycle times of constructing abutments, piers, and superstructures are analyzed. Further model validation by comparing to site data is discussed (limited to alternative one). Comparisons of the statistical results of resource utilization rates, stacked charts and project duration and cost among the three alternatives are deliberated.
Simulation Model Verification and Validation
To verify the simulation models, the trace functionality provided by Simphony was used to prove that the model replicates the logical construction sequence as intended. Figure 11 shows a screen capture of the trace window from Simphony. User-written code was embedded within the model so that the chronological list of events and the time at which they occurred in alternative one are shown within the trace window. Note "TimeNow" is the logical time measured in hours. The trace was found to follow the expected trend and hence the model can be considered reliable.
Trace -Alternative 1 Figure 11 : Chronological list
The validation of the simulation model was based on alternative one as the Umeälv Bridge was constructed in the same way. According to Table 4, the mean durations for constructing one abutment and pier were 666.11 and 1324.9 hours, respectively. The long duration of pier construction largely comprises of idling time as piers, competing for limited resources with spans such as the concreting crew, cannot gain the resources in the competition. The average cycle time for the superstructure construction is 149.72 hours. The cycle time simulated was found close to actual site records. The mean total project duration (Table 4) is 752.87 days, which also mirrors the project duration (2.5 years with holidays). Thus, it can be concluded that the simulation models and the input modeling are reliable and valid. Liu, Siu, Hollermann, Ekyalimpa, Lu, AbouRizk, and Bargstädt
Analysis of Simulation Results
After model verification and validation, two other alternatives were simulated and the simulation results are summarized in Tables 4, 5 and 6. The following subsections discuss these results and their implications in more detail.
Stacked Charts
The stacked charts show that the cycle time for pier foundation construction increases as the project advances. The reason lies in the fact that the lowest priority is given to the pier foundation construction, thus increasing the idle time. The durations of subsequent pier foundation construction increase accordingly. The cycle time of pier shaft and head construction fluctuates slightly since each pier has different quantities of work, but their trend remains the same in three postulated scenarios. The durations for all span construction remain at the same level except the first span. The first span has extremely high cycle time.
The reason is that its required resources, in specified quantities, are not available to advance its construction, even if higher priorities are given to the activities in constructing superstructures (refer to Table 1 ). For example, the cycle time of first span construction (span 19) in alternative three is much longer as the first span construction competes for the resources with the pier construction. The chronological list indicates that most of the piers are completed when the first span is installed. The rest of the spans, in two segments, are constructed smoothly with shorter cycle times. Table 5 summarizes the utilization of each resource (busy time/total time). Generally, the utilization for resources (except for the mobile falsework, including one working platform and three pier supporting systems) in alternatives two and three is higher than in alternative one. This is realistic as the resources are shared between two separate, concurring work flows. The reduction in the rate of utilization of mobile falsework is due largely to doubling its quantities. Another interesting observation is that the utilizations of reinforcement workers and mobile falsework are relatively high, implying that they are critical resources and have less idle time. Extra care should have been taken to decide the availability limits of these critical resources. Sensitivity analysis was also done by adjusting the quantities of reinforcement workers for three alternatives in regard to the project time (Table 6) . One important observation is that the larger the number of reinforcement workers, the shorter the project duration in all three alternatives. The duration could shorten by about 100 days by adding 5 reinforcement workers, and shorten by 190 days by providing a total of 25 workers. This "time crash" effect Table 4 tabulates the total project durations with respect to all alternatives. The total project duration reduces significantly from 753 days to 638 days (alternative two, reducing by 15.3%), and to 646 days (alternative three, reducing by 14.3%). It is observed that the duration would be not half of the original duration if the bridge were constructed in two simultaneous workflows. Despite doubling the quantities of mobile falsework, driving resources such as the pre-stressing crew, the launching crew and reinforcement workers would be shared between two separated workflows. Meanwhile, this also results in prolonging the average durations for piers and superstructures in alternative two and three (as shown in Table 4 ). The quantities of shared resources remain the same in all alternatives, and the shared resources would work around the clock in two portions of construction workflow, which increases their own utilization rate, but some activities could still be delayed as the shared resources are occupied by other activities. Another interesting observation is that the average cycle time of abutments in alternative two is shortest, followed by the ones in alternative one and two sequentially. The reason is that, in alternative two, two abutments are constructed concurrently at the beginning of the project while only one abutment in alternative one could be constructed, with no abutment in alternative three being built at the start of the project. It means constructing abutments after piers will increase the average cycle time for abutments. This is realistic as the idle time in pier or abutment foundation construction increases as the project advances (refer to Figure 12 to 14).
Utilization Rate and Sensitivity Analysis

Comparison of Project Duration
Comparison of Project Cost
In the simulation models, the material cost is embedded and simulated by multiplying quantities of materials and unit cost of materials. The materials, including concrete, reinforcement and tendon are taken into consideration in this research. In addition, the quantity of each material was obtained from the construction site, and the inflation of unit costs was also simulated in the model, by a normal distribution as a fluctuation factor. The material cost results are tabulated in Table 7 . According to Table 7 , material costs in all three alternatives generally remain the same as identical quantities of materials are used in all scenarios, and the differences only indicate the fluctuation of materials' unit cost during construction, which, on the other hand, corroborate that simulation models are reliable.
Labor cost is estimated by multiplying the project duration and associated hourly unit costs. In light of the cost record on the construction site, the hourly unit cost for all the labors in the project is around $1665. As for the equipment cost, it is mainly dependent on the cost of mobile falsework. Table 7 lists the approximate equipment cost based on the site record and quantities of mobile falseworks deployed in each alternative. The total direct cost shown in the last column of Table 7 is the sum of labour cost, equipment cost and material cost. The estimation shows that the direct cost for alternative one decreases by around 18%, compared with the costs of alternative two and three. However, the time-dependent overhead cost for alternative one would be much higher due to the longer project duration. 
CONCLUSION
Simphony was successfully applied to simulate the Umeälv Bridge construction project and evaluate mobile falsework advancing methods. Simulation models developed were verified and validated. Verification was achieved by tracing a list of simulated events and observing relevant statistics such as cycle time.
The models were proven to be valid by comparing their results to data from the site. Although, in this project, alternative one had been selected, the manager made this decision based only on his experience, without simulation decision support. While the simulation results indicate that the construction starting from the two ends to the middle or from the middle to the two abutments could reduce around 15% of the total project duration and increase around 18% of the total direct cost, and constructing the bridge from the middle to both ends or from the two ends to the middle makes little difference. Another interesting finding is reinforcement workers and mobile falsework are identified as critical resources. The increase of reinforcement workers could significantly reduce the project completion time. In addition, it is obvious that although alternative one has longer project duration, causing a much higher overhead cost, the direct (including mobile falsework) cost for it would be considerably lower than alternatives two or three. Each alternative possesses its pros and cons. This research study demonstrates the feasibility of applying Simphony to bridge construction, and concludes that construction managers could make decision with confidence relying on simulation rather than experience in construction planning.
